ABSTRACT Due to the multiple types of support tasks and high energy efficiency equipment, energy saving research in a Bergepanzer has attracted much attention in recent years. In this paper, the energy consumption of the valve-controlled hydraulic luffing system (VHLS) of a Bergepanzer has been analyzed with the help of simulation and experiment, including the main reasons for low efficiency. In addition, a new hydraulic hybrid luffing system (NHLS) based on CPR, was designed. The structure and the working principle of the NHLS were analyzed. Furthermore, a hybrid control method, which combined the switching preset control angle based upon the input signal and pressure feedback and Fuzzy PID control was put forward for the NHLS. The commercially available software, Simulink, was used to carry out the simulation of the energy consumption of NHLS. Finally, the energy transfer efficiency of the system, and the energy transfer efficiency of the VHLS and NHLS systems were compared. The results showed that the NHLS exhibited good control, while the NHLS could significantly reduce the system's energy consumption and increase its energy utilization rate.
I. INTRODUCTION
Bergepanzer is a type of armored rescue vehicle, which is usually used to load and unload heavy weights, and perform repairs in battlefield. The valve-controlled hydraulic luffing system (VHLS) of a Bergepanzer has the problems of high energy consumption and low efficiency. These problems are considered to undermine the excellent ability of Bergepanzer to handle multiple types of support tasks in an energy efficient way. In recent years, the control quality and the reduction in energy consumption of Bergepanzer are activity researched, as these will contribute in improving the in-field support capability of the Bergepanzer.
Some energy-saving technologies, such as positive flow technology, negative flow technology and load sensitive technology have widely been used in the hydraulic system to decrease its energy loss [1] - [3] . However large energy loss still occurs during throttling, which hampers Bergepanzer's ability to use energy efficiently. The first reason for this energy loss is the use of multi-valves as the main flow control component in these systems, which uses throttling to control the flow. The other reason for poor energy efficiency is the heat dissipation (for example, the gravitational potential energy of the boom system during descending, which is dissipated as heat). Moreover, additional energy consumption is incurred when cooling system is used to counter these additional thermal energies. Since energy recuperation was a good method to reduce the energy loss, some hybrid technologies were developed already [4] , [5] . For example, the use of hybrid-electric technology, and the use of battery as an energy storage medium have already been used widely in the hybrid vehicle [6] , [7] . Although the hybrid-electric technology had made great progress in energy saving, it had also some disadvantages. One was that the energy needed to be converted between mechanical, hydraulic and electric energy forms, which meant that the eventual energy efficiency was low. Another reason was that the multi-valve was still used for the cylinder to control the flow, which was able to reduce the energy loss due to throttling, but could not eliminate it completely.
Another option for hybrid technology was the hydraulic hybrid system (HHSC), based on the secondary regulation system of the common pressure rail (CPR) [8] . The secondary regulation system of CPR is a control system that uses secondary elements to regulate the pressure, flow, and other parameters of the controlled object under constant pressure. It can independently connect several unrelated loads in parallel onto the same CPR, thus effectively avoiding flow coupling in the hydraulic system and improving its efficiency [9] , [10] . And in the secondary regulation system of CPR, The hydraulic transformer (HT) [11] - [13] , which was a secondary regulation component used to adjust the linear and rotational loads in four quadrants without any theoretical energy loss due to the throttling process was used as the main control component, whereas the hydraulic accumulator was used for storing the energy [14] , [15] . Compared to the positive flow technology, negative flow technology and load sensitive technology, the throttling loss was theoretically eliminated in the HHSC and it could realize the energy recovery, and reuse seamless connectivity. Some research works had been done in some fields to improve the control performance and reduce energy consumption [16] - [20] , such as the configuration mode of a CPR-based hydraulic hybrid excavator, adopted in the literature [21] , used a SHT to conduct secondary regulation and control over the hydraulic cylinder and eliminate the throttling loss of the system.
In view of that, the HHSC had huge advantages with regards to the energy saving. In this work, based upon CPR, a new type of hydraulic luffing system is proposed, which is controlled by an HT (NHLS). Then the energy consumption between VHLS and NHLS was also provided. It was aimed to effectively reduce the energy consumption of VHLS for Bergepanzer and improve its control performance.
II. ENERGY CONSUMPTION ANALYSIS OF THE VHLS
A. STRUCTURAL PRINCIPLE Fig. 1 shows the schematic of the VHLS, which was mainly composed of a fixed displacement pump, master multi-way valve, hydraulic cylinder, balance-valve and a relief-valve. During its operation, the pump got energy from the engine of Bergepanzer, and provided oil to the hydraulic cylinder by controlling the master multi-way valve. When the multi-way valve worked in the neutral non-work position, the oil flowed back directly into the oil tank. The balance valve was used to limit the speed of the descending arm.
B. MATHEMATICAL MODEL
The force balance of the hydraulic cylinder is given by Equation (1) .
where F ls is the output force, and P ls1 and P ls2 are the pressures of non-rod port and rod port, respectively. Furthermore, A ls1 and A ls2 are the effective working areas of non-rod port and rod port, respectively. M ls is the mass of piston, and l ls is the displacement of the piston rod. B ls is the damping coefficient of the hydraulic cylinder. F lsf is the frictional force between the piston and the cylinder body in the hydraulic cylinder.
According to the flow-continuity equation, the flows into the non-rod port Q ls1 and flows out of the rod port Q ls2 are expressed using Equations (2) and (3), respectively.
where L ic is the internal leakage coefficient of the hydraulic cylinder, and L ec is the external leakage coefficient of the hydraulic cylinder.
The power P ls and energy consumption E ls of the hydraulic cylinder are given by Equation (4) and (5), respectively P ls = F ls ·l ls (4)
The power P pout and energy consumption E p of pump are given by Equation (6) and (7), respectively
Where P p is the pressure of pump; Q p is the flow of pump. The flow Q pm for each channel in the multi-way valve is calculated using Equation (8) .
where C d is the flow coefficient, A pm is the flow area of the channel, p is the differential pressure between both the ends of the channel, and ρ is the density of the hydraulic oil.
C. SIMULATION OF VHLS
First, the three dimensional (3D) solid mechanical model was constructed using Solidworks and Simulink. Then, the model of hydraulic system was established in Simulink. In this paper, the output energy of the pump was considered as the total energy consumption of the system. Additionally, the opening pressure of the relief-valve was set to be 11MPa. The input signal of the system in two work cycles under noload condition is shown in Fig. 2 . Additionally, Fig. 3 shows the speed curve of the VHLS. Fig. 4 shows the main power of the VHLS, which included the output power of pump, power loss of the relief-valve and multi-valve, and effective power of the hydraulic cylinder. Fig. 5 depicted the distribution diagram of the energy in VHLS. It could be seen from Fig. 3 that the speed of the rising arm increased from 0.475m/s to 0.49m/s. This was due to the increase in load of the system with the increase in the inclination of arm during the arm-rising process. The speed of the descending arm was kept at 0.26m/s, which was lower than that of the rising due to the limited port area of the balance-valve (Number 4 in Figure 6 ) that limited the oil flow through the circuit. Fig. 4 shows that the changes in VHLS with time are similar to those as observed for speed in Fig. 3 . However, negative powers were observed during the arm-descending process, which was mainly due to the reason that the force of cylinder was acting in the same direction as the speed. These negative powers represent the energy, which can be recovered, as they represented energy loss as heat. (50.97%) accounted for the majority (77.25%) of VHLS's energy consumption. Only 22.75% of the energy was used as the effective energy by the hydraulic cylinder, which meant that the energy loss was significantly high, while the energy efficiency was very low. Therefore, some corresponding measures were needed to reduce the energy consumption of the multi-way valve and the relief-valve, which could reduce the energy loss and increase the energy efficiency.
D. EXPERIMENTS ON VHLS
In order to verify the model, experiments were conducted. Fig. 6 shows the schematic of the experimental setup, while Fig. 7 shows the photo of the laboratory scale experimental setup used in this work. As can be seen from Fig. 6 , one more relief-valve (Number 3) was installed on the experimental setup, and the opening pressure of the relief-valve was set to be 7MPa. Then, the ratio of effective energy of the cylinder to energy loss of the multi-valve during operation was used to verify the model (simulation results). (Figure 8 ) was similar to that obtained by the simulation (Figure 3 ). However, the experimental value of the speed was a little lower than that of the simulation, which was due to the reason that a lot of oil flowed directly back to the oil tank from the relief-vale (Number 3 in Figure 6 ), due to which, the oil for the cylinder was reduced. It should be noted that the experimental speed during the second cycle of the arm-descending process fluctuated relatively significantly. This was mainly due to the reason that, when the port opening of the multi-way valve was reduced, oil would flow back in large amounts to the oil tank through the bypass of the multiway valve. As a result, the oil flowing to the rod port was correspondingly reduced, and the speed of the descending arm declined. 9 depicts the experimental and simulated effective energy of the cylinder and the energy loss of the multivalve during operation, respectively. It could be seen that, the experimental energy loss of the multi-way valve was a little higher than the effective energy of the cylinder, while the simulated energy consumption showed an opposite trend (effective energy of the cylinder being higher than the energy loss of the multi-way valve). The experimental and simulated results for the ratio of the effective energy of the cylinder to the energy loss of multi-valve during operation were 1.05 and 0.92, respectively. The main reason of the difference between the experimental and simulated results was that the speed of the simulation was higher than that of the experiment, which meant that the simulated effective energy was relatively larger than the experimental. Additionally, the experimental energy loss of the multi-way valve was relatively larger than the simulation because of the smaller opening of the multi-way valve during the second cycle of the experimental arm-descending process. Though the difference existed between the simulation and experimental results, it was well within the acceptable limit. The results depicted that the simulation results agreed well with the experimental ones.
III. ENERGY CONSUMPTION OF THE NHLS A. STRUCTURE AND WORKING PRINCIPLE OF THE NHLS
To significantly reduce the system's energy consumption, the gravitational potential energy needs to be recovered during the arm-descending process, and its energy utilization rate (energy efficiency) must be increased. In this regard, a new type of hydraulic luffing system controlled by an HT and based on CPR (NHLS) is proposed in this work. The structural principle of the NHLS is shown in Fig. 10 . The NHLS was composed of a CPR, an HT, a pilot control system, a solenoid directional control valve, and a hydraulic cylinder. The CPR contained two circuits, namely a constant highpressure circuit consisting of a constant pressure variable pump and a hydraulic accumulator, and a low-pressure circuit that was connected directly to the oil tank. Compared with the valve-controlled hydraulic system, NHLS used the hydraulic accumulator as the energy storage, which can recycle the gravitational potential energy of hydraulic cylinder during the descending process and reduce the calorific value of the system. Using SHT as the control component can realize relatively precision quantitative control of hydraulic cylinder, and then improved system efficiency.
In the NHLS, the arm-descending and arm-rising are controlled by the valves V1, V2 and V3, and in these two processes, the rod port of the hydraulic cylinder was connected to high-pressure circuit of the CPR and oil tank.
During the arm-descending process, valves V2 and V3 opened, while V1 operated under right-position condition. The rod port of the hydraulic cylinder was connected to highpressure circuit of the CPR. The oil from the no-rod port flowed through the HT port B to port A, and then flowed to high-pressure circuit of the CPR and hydraulic accumulator, which meant that the hydraulic accumulator could recover the gravitational potential energy of the system. The working principle of the arm-descending process is shown in Fig. 11 . During the arm-rising process, valve V2 and V3 opened, while V1 operated under the left-position condition. The oil from the constant high-pressure circuit was regulated using HT for non-rod port of the hydraulic cylinder that was used to drive the hydraulic cylinder. The oil of the rod port directly flowed back to the oil tank. In this process, the constant pressurei variable pump and the hydraulic accumulator made up a hybrid power source for the system. The working principle of the arm-rising process is shown in Fig. 12 . 
B. MATHEMATICAL MODEL
The HT had a special port plate (as shown in Fig. 13 ), which included three ports, namely the Port A, Port B and Port T. The three ports were connected to the CPR high-pressure circuit, the non-rod port of the hydraulic cylinder and the oil tank, respectively. The HT cylinder was driven by the sum of the torque of the three ports. The torques T A , T B and T T of three ports and the pressure transformer ratio λ are calculated VOLUME 6, 2018 FIGURE 12. Working principle of the arm-rising process. using Equations (9) - (12) [12], [13] , respectively.
where V HT is the discharge capacity of the HT, V HT −A , V HT −B and V HT −T are the corresponding discharge capacities of the three ports A, B and T, respectively, α, β and γ are the nominal arc lengths of the kidney-shaped slots in the port plate of the three ports A, B and T, respectively, δ is the control angle of the port plate, and P A , P B and P T are the pressures of the three hydraulic fluid ports A, B and T, respectively.
The HT torque that acted on the cylinder body, and the sum of the torques of the three ports are correlated using Equation (13) .
where J HT is the equivalent moment of inertia of HT, anḋ ω is the angular acceleration of the cylinder's body of the HT.
The flows of the Ports A and B can be calculated using Equations (14) and (15), respectively.
where C im is the internal leakage coefficient of the HT, and C em is the external leakage coefficient of the HT.
The port plate was precisely controlled by the pilot control system, which included a gear pump, a swing motor and an electro-hydraulic servo valve, and was integrated together with the HT. The port plate of HT is rigidly connected with the swing motor, which means that the turning range of swing motor is the angle of the port plate of HT. And the reasonable range of the port plate angle δ was from 0 • to 100 • [21] . The structural schematic of the pilot control system is shown in Fig. 14 . The electro-hydraulic servo valve is used to control the swing motor, and the mathematical model is given by Equations (16) after simplification, consolidation and linearization.
Where K v is the flow gain of electro-hydraulic servo valve, Q sf is the flow, ω sf is the inherent frequency, ξ sf is the damping ratio.
The dynamic equations of the swing motor and the electrohydraulic servo valve are given by Equations (17) and (18), respectively.
where K q is the flow gain of the electro-hydraulic servo valve, i is the control current of the electro-hydraulic servo valve, K c is the flow-pressure coefficient of the electrohydraulic servo valve, P kz is the pressure of the swing motor's high-pressure chamber, D m is the displacement of the swing motor, δ is the rotational angle of the swing motor, C m is the leakage coefficient of the swing motor, β e is the bulk modulus of the elasticity, V 0 z is the sum of swing motor's initial volume and the pipeline volume, J m is the rotational inertia of the port plate, B m is the viscous damping coefficient, K m is the elastic coefficient, and T t is the external load torque.
The power P x and energy consumption E x of the pilot control system are given by Equation (19) and (20), respectively
Where P xp is the pressure of gear pump, Q p is the flow of gear pump.
The flow of non-rod port of hydraulic cylinder equaled the flow of the HT's Port B, while the flow of the rod port of the hydraulic cylinder was decided by the connection of the system, and the pressure of the rod port is equal to the pressure of oil tank and the high-pressure of the CPR during the armrising process and the arm-descending process. The control signal of the valve V1 was defined by the equation: x V 1 = 0 during the arm-rising process and as: x V 1 = 1 during the armdescending process. The flows of the non-rod port and the rod port were given by Equations (21) -(23).
The high-pressure circuit was a relatively complex hybrid power system, while the pressure fluctuation of the constant pressure variable pump, HT, hydraulic accumulator and others would affect the pressure of CPR [22] . Therefore, the mathematical models for the pressure of the highpressure circuit, the power P A and energy consumption E A of the constant pressure variable pump are expressed using Equationi (24) - (26) .
where Q p is the output flow of the constant pressure variable pump, Q A is the flow of port A of HT, V 1a is the volume of the pipeline from Port A to the hydraulic cylinder's rod port, and H is the maximum stroke of the hydraulic cylinder.
Additionally, accumulator is used to recycle gravitational potential energy of hydraulic cylinder. C accu is defined as the capacity of the accumulator, and is represented by Equation (27) [15] .
where V 0 is the volume of the hydraulic accumulator, n is the polytrophic index, and P 0 is the pre-charging pressure of the hydraulic accumulator.
The energy consumption of NHLS is the sum of the constant pressure variable pump and the pilot control system, and is expressed using Equation (28) .
C. CONTROL STRATEGY Though the energy-saving effect was the first consideration, the proposed system should also have excellent dynamics. Due to the different connections of the rod port of hydraulic cylinder during the arm-rising and arm-descending processes, the pressure of the rod port changed a lot. Additionally, in order to adapt to such a great change, the output pressure of HT's Port B had to be regulated quickly during the change of connections. Therefore, a hybrid control method with switching preset control angle control and fuzzy PID control (FPID) [23] - [29] were proposed. The control principle is shown in Fig. 15 . The switching preset control angle was a pre-regulated angle of the HT's port plate, which meant that, the pilot control system controlled the port plate of the HT to the pre-regulated angle δ 0 based on the input signal and the pressure feedback of the hydraulic cylinder before controlling the solenoid directional control valve V1, V2 and V3 to connect the hydraulic system. After the HT's port plate angle reached the switching preset control angle, the solenoid directional control valve was controlled to connect the hydraulic system, and then, the control algorithm changed to FPID. In order to obtain the membershipi functions of fuzzy subset, the factors e, ec, K p , K i , and K d should follow a normal distribution, and then a lot of simulation analysis are performed on different PID values. At last the membership assignment table, fuzzy subset and fuzzy domain were derived based on a lot of simulation analysis with different PID values. The fuzzy subset defining the input variable of the fuzzy control system is provided by Equation (29) . The elements of the fuzzy subset are represented as ''negatively large'', ''negatively medium'', ''negatively small'', VOLUME 6, 2018 ''positively small'', ''positively medium'', and ''positively large'' respectively; The membership functions of e and ec can be seen in Fig.16 . The fuzzy domains of the quantization factors K p , K i , and K d can be seen in Fig.17 . And the fuzzy rule is showed as Fig .18 and Fig.19 show the speed response and the speed tracking error of the NHLS. It can be seen from Fig. 18 and Fig. 19 that the NHLS could very satisfactorily track the input signal, while the relatively significant tracking errors usually occurred in the switching control process, when the speed either increased from 0 or reduced to 0, and then, the tracking error decreased quickly. The results indicated that the NHLS had a good servo performance.
Where V signal is the input speed signal, V track is the tracking speed. Fig. 20 and Fig. 21 depict the power curve of NHLS and the energy distribution for NHLS. As can be seen from Fig. 20 , the total power of the system was always lower than 2.5kW. This was due to the reason that, for some output power of the system at the start time of 0-2 s, the cylinder did not work. During this time, the system was actively filling the hydraulic accumulator. During operation, the power of the system was always smaller than that of the hydraulic cylinder. First was because, the hydraulic accumulator was also a power source during the arm-rising process, and formed a hybrid power source with the main power. One other reason was that the gravitational potential energy provided auxiliary energy during the arm-descending process. It should also be noted that the power of HT during the arm-descending process was negative, which means that the NHLS was recovering some energy. As the pilot control system in NHLS was necessary, it also consumed energy, though the power con- sumed was small and always lower than 0.5kW. The results of Fig. 21 show that the effective energy of the hydraulic cylinder made up more than 77% of the energy of the system, while the energy consumptions of pilot control system and HT were only 10.9% and 11.95%, respectively. In addition, the multi-way valve and relief-valve were not used in the NHLS.
IV. RESULST AND DISCUSSION

A. ENERGY TRANSFER EFFICIENCY OF THE SYSTEM
As the hydraulic system was relatively complex, the energy from the power source should overcome the energy loss of the multi-way valve, HT and other components. After this process, the energy remaining was called the effective energy. In order to investigate the energy utilization efficiency of different systems, a concept of energy transfer efficiency of a system η e was proposed in this paper. The energy transfer efficiency of a system was defined as the ratio of effective energy of actuator E e to that of the total energy consumption of the system E p .
FIGURE 22. Energy transfer efficiencies of VHLS. Fig. 22 and Fig. 23 show the energy transfer efficiencies of the VHLS and NHLS systems (respectively) with different loads. It can be seen that the energy transfer efficiency of VHLS was smaller than 24%, while that of the NHLS was larger than 77%. The maximum value of the NHLS was 80.34%. The results show that the energy efficiency of NHLS was much better than that of the VHLS.
B. ENERGY-SAVING RATIOS OF VHLS AND NHLS SYSTEMS
Higher energy transfer efficiency of NHLS means higher energy utilization efficiency of the system. However, the energy consumption characteristics of different systems were different, which meant that the energy transfer efficiency could not comprehensively and effectively reflect the energy-saving effect. Therefore, a new assessment index, called the energy-saving ratio η v [30] , is introduced to evaluate the energy-saving effect of NHLS. The energysaving ratio can be defined using Equation (31).
where E f is the total energy consumptions of VHLS, and E h is the total energy consumptions of NHLS. Fig. 25 shows the energy-saving ratios of NHLS for different loads. It can be seen from Fig. 24 that the total energy consumptions of the VHLS was larger than 220kJ for different loads, while the total energy consumption of NHLS was smaller than 60kJ, which meant that the NHLS needed less energy than the VHLS to release the same cycle of hydraulic cylinder. Fig. 25 clearly shows the energysaving effect of NHLS. The energy-saving ratios of NHLS for different loads lied between 77 -78%. The results show that the NHLS exhibits good performance with regards to energy-saving. 
V. CONCLUSIONS AND FUTURE WORK
A new hydraulic hybrid luffing system that adopted an HT for hydraulic cylinder control is designed based on CPR to reduce the energy consumption of the VHLS. Then the advantage and disadvantage of NHLS and VHLS are discussed. And then the control performance and energy-saving effect were also investigated. Based upon the results, following main conclusions are drawn.
1 This paper proposed a new hydraulic luffing system controlled by an HT for Bergepanzer. The hybrid control method, which combined the switching preset control angle and FPID, was put forward for the NHLS. The NHLS could effectively track the input signal, which meant that the system exhibited good control performance.
2 The concept of energy transfer efficiency of system was put forward. The energy consumption of NHLS is clearly lower than VHLS, and the NHLS exhibited much better energy transfer efficiency than the VHLS.
On the whole, the NHLS significantly reduced the system's energy consumption and increased its energy utilization rate (energy efficiency). For future work, the operating efficiency of the system will be analyzed and optimized, and related experiments will be conducted to further verify the effective work of NHLS. 
